All relevant data are within the paper and its Supporting Information files.

Introduction {#sec004}
============

A substantial proportion of cardiac deaths in western countries can be attributed to thoracic aortic aneurysm (TAA) rupture or dissection. The current indication to operate on TAAs has to rely exclusively on morphological criteria. Current guidelines suggest aortic repair at an aortic diameter of 45--50 mm, but recent studies suggest that this size criterion does not suffice to prevent dissection in many patients who suffer aortic complications at smaller diameters \[[@pone.0164308.ref001]\]. As a consequence, the need of additional radiological, biomechanical or biological markers of wall stress and risk of rupture or dissection is obvious.

Loss of elastic fibers and collagen degradation due to defective Extracellular Matrix (ECM) remodeling seems to be a hallmark of progressing aortic dilatation and is thought to be caused by imbalanced Matrix Metalloproteinase (MMP) activation and inhibition \[[@pone.0164308.ref002]\] \[[@pone.0164308.ref003]\] \[[@pone.0164308.ref004]\] \[[@pone.0164308.ref005]\] \[[@pone.0164308.ref006]\] \[[@pone.0164308.ref007]\] \[[@pone.0164308.ref008]\] \[[@pone.0164308.ref009]\]. MMP´s can be activated by removal of the N-terminal pro-domain. They are inactivated via interaction with Tissue Inhibitors Of Matrix Metalloproteinases (TIMP\`s) \[[@pone.0164308.ref010]\] \[[@pone.0164308.ref011]\] \[[@pone.0164308.ref003]\] \[[@pone.0164308.ref012]\].

The MMP enzyme family is classified by substrate specificity and comprises collagenases, gelatinases, stromelysins, matrilysins and membrane-type (MT-) MMP\`s. MMP-2 is one of the gelatinases and is regulated by an exclusive and well described mechanism. The inactive proenzyme is expressed constitutively and becomes activated through N-terminal cleavage. This occurs via pro-MMP-2, MT1-MMP and TIMP-2 interaction on the cell surface. The proportion of pro-MMP-2, TIMP-2 and MT1-MMP is an important factor for the regulation of pro-MMP-2 activation and the expression of MMP-2 and TIMP-2 is connected to each other.\[[@pone.0164308.ref013]\] \[[@pone.0164308.ref014]\] \[[@pone.0164308.ref015]\] \[[@pone.0164308.ref010]\].

A mouse model recently revealed, that MMP-2 is involved in the synthesis and degradation of ECM structure proteins and that its function in ECM protein synthesis seems to play an important role in thoracic aortic aneurysms especially. \[[@pone.0164308.ref016]\].Moreover, mechanical stretch, which is one form of mechanical stress, has been found to stimulate pro-MMP-2 release in vascular smooth muscle cells (VSMC\`s) \[[@pone.0164308.ref017]\]. MMP-2 protein levels were observed to be higher in aortic regions with enhanced shear stress\[[@pone.0164308.ref018]\] and adaptive responses to high wall shear stress have been shown to be connected to pro---and activeMMP-2 in an animal mode l\[[@pone.0164308.ref019]\]. Wall shear stress in ascending aortic aneurysms was shown to increase with aortic diameter \[[@pone.0164308.ref020]\] and blood flow patterns in ascending aortic aneurysms seem to be associated with aortic morphology \[[@pone.0164308.ref021]\]. Taken together, these findings suggest that MMP-2 availability plays an important role in aortic wall pathology and that MMP-2 isoforms may serve as indicators of mechanical stress in the aortic wall. Therefore, we aimed to evaluate the potential of MMP-2 isoforms as markers of high wall stress by analyzing patient serum and aortic tissue for the existence of pro- and active MMP-2.

Patients and Methods {#sec005}
====================

Patients {#sec006}
--------

N = 24 patients with proximal thoracic aortic aneurysms of the aortic root and/or ascending aorta (\>45mm) were included in this study. Inclusion criterion was age 18 to 75 years, no selection was made regarding bicuspid or tricuspid aortic valves, valve function and origin of the aneurysm. 1 patient had Marfan\`s syndrome, 1 patienthad ACTA2 mutation. Exclusion criteria were active endocarditis, active malignancy, children / octogenarians, and acute aortic dissection.

24 patients had ascending aortic aneurysms, 10 of them also had also aortic root aneurysms. Three patients presented normally functioning valves, 12 had regurgitation alone, eight had regurgitation and stenosis and one had only stenosis. For further details on clinical variables see [Table 1](#pone.0164308.t001){ref-type="table"}.

10.1371/journal.pone.0164308.t001

###### Patient characteristics.

![](pone.0164308.t001){#pone.0164308.t001g}

  Factor                      Group    Overall
  --------------------------- -------- --------------
  Age (mean (SD))                      58.0 (14.9)
  Gender (%)                  Female   4 (16.7)
                              Male     20 (83.3)
  Hyperlipidemia (%)                   12 (50.0)
  Hypertension (%)                     14 (58.3)
  BMI (%)                     \<25     6 (25.0)
                              ≥25      18 (75.0)
  BAV (%)                              9 (41.7)
  Asc.Aor.Dia (mean (SD))              53.06 (9.1)
  [Medication]{.ul}                    
  ACE.I (%)                            8 (33.3)
  Anticoagulant (%)                    8 (33.3)
  beta.Blocker (%)                     10 (41.7)
  Sartane (%)                          3 (12.5)
  MMP-2 \[ng/ml\](mean(SD))            190.2 (46.4)

BMI, body mass index; BAV, bicuspid aortic valve; ACE.I, angiotensin-converting enzyme inhibitor; SD, standard deviation; Asc.Aor.Dia, ascending aortic diameter.

This study was approved by the Ethics Committee of the University of Freiburg and informed written consent was obtained from all patients. Serum from n = 19 healthy individuals was studied as control ([Table 2](#pone.0164308.t002){ref-type="table"}).

10.1371/journal.pone.0164308.t002

###### Characteristics of serum control group.

![](pone.0164308.t002){#pone.0164308.t002g}

  ---------------------------------------------
  Factor                        
  ----------------------------- ---------------
  Age (mean (SD))               29.2 (6.2)

  Gender (%)                    • F 9 (37.4)\
                                • M 10 (52.6)

  MMP-2 \[ng/ml\] (mean (SD))   240.3 (46.4)
  ---------------------------------------------

Female, F; Male, M; SD, Standard Deviation

Sample preparation and protein extraction {#sec007}
-----------------------------------------

Blood samples were taken one day before surgery, centrifuged for 10 minutes at 1600 rpm, aliquoted and deep frozen at -80°C within 1 hour. Aortic tissue resected from the anterior part of the aortic wall was deep frozen in liquid nitrogen and stored at -80°C. To extract proteins, frozen aortic tissue including all layers of the aorta was pulverized under liquid nitrogen and supplied with 500 μl pre-cooled lysis buffer (50mM Tris, 150mM NaCl, 1% Triton-X-100, pH 7,5) per 100 mg freshweight. Samples were vortexed, kept on ice for 60 minutes and vortexed again every 15 minutes. Samples were centrifuged at 13 000 rpm and 4°C for 15 minutes. The supernatant was filtered through spin-x centrifuge filters (0,22 μm cellulose acetate, Costar) by centrifugation at 13000 rpm and 4°C for 15 minutes and kept on ice until further processing. The pellet was resuspended in 200 μl lysis buffer and kept on ice for another 30 minutes with vortexing every 15 minutes followed by another centrifugation at 13000 rpm and 4°C for 15 minutes. The supernatant was filtered and processed as described above. Both supernatants were combined and protein extracts were aliquoted and stored at -20°C. Total protein content of protein extracts and serum was determined by BCA assay following the manufacturer\`s instructions (Thermo Scientific Pierce BCA Protein Assay).

Enzyme-linked-Immunosorbent Assay {#sec008}
---------------------------------

MMP-2 concentrations in serum samples were determined using quantitative sandwich enzyme-linked-immunosorbent-assay (MMP200, R&D Systems Europe) according to the manufacturer\`s instructions. Each standard and sample was measured in duplicate.

Gelatin zymography {#sec009}
------------------

Gelatin zymography was performed as described previously \[[@pone.0164308.ref022]\] with slight modifications. All sera, protein extracts and controls were diluted with zymography buffer (25mM Tris, 150mM NaCl, 10mM CaCl~2~, 0,2% Brij-35, pH 7,5) containing protease inhibitor (P8340, Sigma-Aldrich). A total protein amount of 15 μg per lane was loaded onto 8% SDS gels containing 0,2% gelatin (gelatin from porcine skin G1890, Sigma-Aldrich). Electrophoresis was conducted for 2,5 hours at 20 mA per minigel. Gels were washed twice with 2,5% Triton for 30 minutes at room temperature with agitation. Enzymatic digestion of gelatin occurred through incubation in zymography buffer at 37°C for 19 hours. The gels were then stained with 50 ml 0,2% Coomassie brilliant blueR-250 per gel (Serva electrophoresis GmbH) following the manufacturer\`s instructions. MMP-2 was identified via a human full length MMP-2 protein (ab 168864, Abcam) isolated from rheumatoid synovial fibroblasts (Abcam technical service, personal communication) as a positive control.

Semiquantitative determination of MMP-2 isoforms was performed by analyzing pixel density with Image J. Each sample value was normalized to 0.33 ng human full length MMP-2 analyzed in each gel. As human full length MMP-2 always contained pro- and active MMP-2, pixel densities of both measured areas were summarized. Plotted values for aortic tissue pro--or active MMP-2 represent the mean of three independent experiments. Plotted total MMP-2 values were calculated by summarizing pro- and active MMP-2 means for each sample. Dilution series for zymography validation were carried out 3 times independently. Values represent the mean of two samples with the same dilution factor ran in the same gel. Calibration curves were run 4 times independently with 2 lanes containing the same MMP-2 amount in each gel.

Western blot {#sec010}
------------

Electrophoresis was conducted as described under gelatin zymography. Samples were diluted with protein extraction buffer and a total protein amount of 20 μg per lane was loaded. Proteins were blotted on PVDF membranes (Immobilon-P, Merck-Millipore) for 1 hour at 5.5 mA per minigel and 200 V with Towbin buffer \[[@pone.0164308.ref023]\] (Trans-Blot SD Semi-Dry Transfer Cell, Bio-Rad). Membranes were blocked for 30 minutes using 2% nonfat dry milk diluted in TBS-T. MMP-2 immunodetection occurred via incubation with MMP-2 primary antibody (MAB902, R&D Systems Europe; diluted 1:5000 in TBS-T) over night at 4°C. After threefold washing with TBS-T, blots were incubated with secondary antibody (HAF 109, R&D Systems Europe, diluted 1:20000 in TBS-T) for 1 hour at room temperature with agitation. After four fold washing with TBS-T, blots were developed using Pierce ECL-Prime Western Blotting Substrate following the manufacturer\`s instructions.

Activation of Pro-MMP-2 {#sec011}
-----------------------

Pro-MMP-2 was converted into the active 65 kDa form by incubation with 2mM 4-aminophenylmercuric acetate (APMA, Sigma-Aldrich) for 2 hours at 37°C. Serum was diluted in zymography buffer to a total protein content of 2μg/μl prior to incubation with APMA. Protein extracts were incubated with APMA with and without pre-dilution in zymography buffer at a final total protein content of 2--4 μg/μl. Standards were activated following the manufacturer\`s instructions.

Statistical analyses {#sec012}
--------------------

All statistical analyses were carried out with SigmaPlot 13 (Systat Software GmbH, Erkrath Germany). To identify differences between groups, a two-tailed t-test was used after testing for normal distribution by Shapiro- Wilk test. Numerical variables are given as means and standard deviations. For correlation analyses, Pearson correlation analysis was used after positive testing for normal distribution. For correlation analysis between MMP-2 and the aortic diameter, we used the Spearman correlation analysis as aortic diameters are not normally distributed.

Image processing {#sec013}
----------------

Zymography gels for [Fig 1B and 1C](#pone.0164308.g001){ref-type="fig"} were scanned immediately after staining. For [Fig 1](#pone.0164308.g001){ref-type="fig"}, contrast and brightness were enhanced. Gels for [Fig 2B and 2C](#pone.0164308.g002){ref-type="fig"} were scanned immediately after staining and for [Fig 2](#pone.0164308.g002){ref-type="fig"}, contrast was enhanced. Gels for Figs [3](#pone.0164308.g003){ref-type="fig"} and [4](#pone.0164308.g004){ref-type="fig"} were photographed on a light source to make signals visible and exposition was changed. Gels for [Fig 4](#pone.0164308.g004){ref-type="fig"} were photographed on a light source, for [Fig 4A](#pone.0164308.g004){ref-type="fig"}, contrast was enhanced and for [Fig 4](#pone.0164308.g004){ref-type="fig"} exposition was changed and brightness and contrast were adjusted to make weak signals visible. For the zymograms in [Fig 5](#pone.0164308.g005){ref-type="fig"}, contrast and brightness were changed. Gels for [Fig 5C](#pone.0164308.g005){ref-type="fig"} were photographed on a light source and exposition was changed. Gels used for semiquantitative determination of pro-MMP-2 were scanned with 600 dpi after staining and converted into 32-bit grayscale before measurements.

![Validation of gelatin zymography.\
**A.** Dilution series of MMP-2 standard. A standard curve was generated from human full length MMP-2 from 0--2.5 ng of total MMP-2. Pixel density measured from zymograms showed a linear relationship with the MMP-2 amount. **B.** Representative zymogram of standard dilution series reveals decreasing signal strength in conjunction with declining MMP-2 amount. **C.** Dilution series of protein extracts gained from patients with ascending aortic aneurysms. Protein extracts were diluted from 2fold until 16fold. The measured pixel density in the zymograms showed a linear decrease at dilution factors between 2fold and 8fold. Measurements of 4 independent dilutions illustrated the assay\`s reproducibility. Each value represents the mean of two samples at the same dilution measured in the same gel. **D.** Representative zymogram of protein extract dilution series shows decreasing signal strength in conjunction with an increasing dilution factor. **E.** Representative serum and tissue zymograms showing different gelatinolytic activities. serum zymogram shows gelatinolytic activities corresponding to pro-MMP-2. Tissue zymogram shows gelatinolytic activities corresponding to pro-MMP2 and active MMP-2. Westernblot confirmed that the detected bands were MMP-2. **1,2**: patient sample. **S:** Human full length MMP-2.](pone.0164308.g001){#pone.0164308.g001}

![Serum MMP-2 in patients with ascending aortic aneurysms and healthy controls.\
**A.** Serum MMP-2 levels in patients and healthy controls measured by ELISA. Two-tailed t-test revealed a significant difference in serum MMP-2 levels in both groups (P = 0,00138). MMP-2 serum levels were lower in patients than in healthy controls (190.3 +/- 48.3 vs 240.3 +/- 46.4). **B.** Representative zymogram showing gelatinolytic activity in serum from 6 patients with ascending aortic aneurysms. Lane 1: Human full length MMP-2 activated with 2 mM APMA for 2 hours. Lane 2: Human full length MMP-2 as delivered. Lane 3: one representative serum sample activated with 2 mM APMA. Lane 4--9: serum from patients with ascending aortic aneurysms. Asterisk indicates 67 kDa intermediate MMP-2 isoform present in MMP-2 standard with and without APMA incubation and in serum incubated with APMA. Lanes with serum samples show gelatinolytic activity corresponding to pro-MMP-2 only. **C.** Zymogram showing gelatinolytic activity from 6 serum samples from healthy controls. Lane 1: Human full length MMP-2 activated with 2 mM APMA. Lane 2 Human full length MMP-2 as delivered. Lane3: one representative serum sample activated with 2 mM APMA Asterisk indicates 67 kDa intermediate MMP-2 isoform present in human full length MMP-2 with and without APMA incubation and in serum incubated with APMA. Lanes with serum samples show gelatinolytic activity corresponding to pro-MMP-2 only.](pone.0164308.g002){#pone.0164308.g002}

![Representative zymograms showing gelatinolytic activity in serum from patients with ascending aortic/aortic root aneurysms and healthy controls.\
Increasing amounts of total protein were analyzed to detect possible signals close to detection limit. Lane 1: Human full length MMP-2 as delivered. Lane 2: Human full length MMP-2 activated with 2 mM APMA for 2 hours. Asterisk indicates 67 kDa intermediate MMP-2 isoform present in MMP-2 standard with and without APMA incubation and in serum incubated with APMA. **A.** Serum from patients with ascending aortic aneurysms was analyzed in total protein amounts from 15 μg to 80 μg. Whereas signals corresponding to pro-MMP-2 increased, no signals relatable to active MMP-2 became visible. **B**. Serum from patients with ascending aortic aneurysms was incubated with 2mM APMA for 2 hours at 37°C and analyzed in increasing amounts of total protein from 15 μg to 40 μg. Signals related to pro-MMP-2 and intermediate MMP-2 became stronger with increasing amount of total protein. But no signal relatable to the 65kDa active MMP-2 appeared. **C.** Serum from healthy controls was analyzed in total protein amounts of 15 μg until 80 μg. signals increased in the same way as described for the serum samples from patients with ascending aortic aneurysms. No signals corresponding to active MMP-2 appeared. **D.** Serum from healthy controls was analyzed in total protein amounts of 15 μg until 40 μg after incubation with APMA for 2 hours at 37°C. Signals for pro-MMP-2 and intermediate MMP-2 increased with protein amount but no signals relatable to active MMP-2 appeared.](pone.0164308.g003){#pone.0164308.g003}

![Representative zymograms revealing gelatinolytic activity in serum after incubation with APMA for different incubation times.\
Serum from patients with ascending aortic aneurysms and healthy controls was incubated with 2 mM APMA for different times to exclude that active MMP-2 can be generated from serum MMP-2 after longer incubation times. Lane 1: Human full length MMP-2 after activation with 2mM APMA for 2 hours. Lane 2: Human full length MMP-2 as delivered. **A.** Serum from patients with ascending aortic aneurysms was incubated with 2mM APMA for 15--240 minutes. All lanes show bands corresponding to pro-MMP-2 and bands corresponding to intermediate MMP-2. No signals for active 65kDa MMP-2 became visible after prolonged incubation time with APMA. **B.** Serum from healthy controls was incubated with 2mM APMA for 15--240 minutes. Lanes show bands corresponding to pro-MMP-2 and intermediate MMP-2. No signals relatable to active MMP-2 appeared after prolonged incubation times with APMA. **C.** Serum from patients with ascending aortic aneurysms was incubated with 2mM APMA for 0,25--24 hours. All lanes show bands corresponding to pro-MMP-2 and intermediate MMP-2. No signals relatable to active MMP-2 were detectable.](pone.0164308.g004){#pone.0164308.g004}

![Representative zymograms showing gelatinolytic activity in protein extracts gained from aortic tissue of patients with ascending aortic/aortic root aneurysm.\
Protein extracts from patients with ascending aortic/aortic root aneurysms were analyzed for existence of different MMP-2 isoforms. Lane 1: Human full length MMP-2 as delivered. Lane 2: Human full length MMP-2 was activated with 2 mM APMA for 2 hours at 37°C prior to electrophoresis. Asterisk indicates 67 kDa intermediate MMP-2 isoform. **A.** 7 representative of 24 analyzed samples are shown. Signals corresponding to pro-MMP-2 were detected in every sample. Signals relatable to the active 65kDa MMP-2 were detected in all samples as well (see also [S1 Fig](#pone.0164308.s001){ref-type="supplementary-material"}). **B.** pro- and active MMP-2 in patients with bicuspid and tricuspid aortic valves. 15 of the analyzed samples were taken from patients with triicuspid aortic valves and 9 of the samples were from patients with bicuspid aortic valves. In both groups, gelatinolytic activities for either pro-MMP-2 and active MMP-2 were detectable. **C.** Activation of aortic tissue MMP-2. To test if tissue MMP-2 can be activated similar to the human full length MMP-2 used as a standard, protein extracts were incubated with 2mM APMA for either 2 or 24 hours. Different final dilutions of protein extracts were analyzed as indicated. Aortic tissue MMP-2 was split into three fragments similar to the human full length MMP-2. Extending APMA incubation time did not change the band pattern obtained after activation.](pone.0164308.g005){#pone.0164308.g005}

Results {#sec014}
=======

Validation of gelatin zymography {#sec015}
--------------------------------

Gelatin zymography was validated by running calibration curves with different amounts of human full length MMP-2 (0.0--2.5 ng). Human full length MMP-2 used as a standard was isolated from human rheumatoid synovial fibroblasts (Abcam technical service, personal communication). The signals observed in the zymograms decreased with declining MMP-2 amount. We also observed a distinct linear relationship between the measured pixel density and MMP-2 amount analyzed in the zymograms ([Fig 1A and 1B](#pone.0164308.g001){ref-type="fig"}). In addition, we analyzed dilution series of protein extracts gained from ascending aortic tissue from patients with ascending aortic aneurysms / aortic root aneurysms. In the respective zymograms, a decrease of the signals with increasing dilution factor was visible ([Fig 1D](#pone.0164308.g001){ref-type="fig"}). Four independent measurement showed, that the measured pixel densities decreased in a linear fashion between dilution factors of 2fold until 8fold. Also, the independent curves reveal, that gelatin zymography provides reproducible results. ([Fig 1C and 1D](#pone.0164308.g001){ref-type="fig"}).

Serum or tissue zymograms exhibited one (serum) or two (tissue) gelatinolytic activities. The serum gelatinolytic band and upper gelatinolytic band in the tissue samples corresponded to the main band at about 72 kDa observed in the human full length MMP-2 used as a standard. The upper band was confirmed to be MMP-2 by Westernblot analyses. ([Fig 1E](#pone.0164308.g001){ref-type="fig"}; [S1 Fig](#pone.0164308.s001){ref-type="supplementary-material"}; [S2 Fig](#pone.0164308.s002){ref-type="supplementary-material"}). In the tissue samples taken from aortic tissue from patients with ascending aortic aneurysms, we observed a second gelatinolytic activity at a molecular weight of approximately 65 kDa, where the active MMP-2 is known to run ([Fig 1E](#pone.0164308.g001){ref-type="fig"}; [S2 Fig](#pone.0164308.s002){ref-type="supplementary-material"}).

Gelatin zymography detects only pro-MMP-2 in serum from patients with ascending aortic aneurysms or in healthy controls {#sec016}
-----------------------------------------------------------------------------------------------------------------------

We analyzed serum from 24 patients with ascending aortic aneurysms and 19 healthy controls by Enzyme-linked Immunosorbent Assay (ELISA) and gelatin zymography. ELISA results revealed, that serum MMP-2 levels were higher in control subjects (mean 240.3 +/- 46.4) than in patients with ascending aortic and aortic root aneurysms (mean = 190.3 +/- 48.3) with P = 0.0014 for both differences ([Fig 2A](#pone.0164308.g002){ref-type="fig"}).

The gelatin zymographic analysis of patient and control sera revealed only the existence of pro-MMP-2 in those samples. Pro-MMP-2 was identified via a human full length MMP-2 as a positive control ([Fig 2B and 2C](#pone.0164308.g002){ref-type="fig"}). Serum and human full length MMP-2 activated by incubation with APMA were also analyzed in each gel.

Activation of human full length MMP-2 resulted in pro-MMP-2 fragmentation into an intermediate 67 kDa form and the active 65 kDa form ([Fig 2B and 2C](#pone.0164308.g002){ref-type="fig"}, lane 1) Serum pro MMP-2 activated with APMA (as described for the human full length MMP-2) was split into the pro- and -intermediate forms only (Figs [2B and 2C](#pone.0164308.g002){ref-type="fig"} lane 3 and [3B and 3D](#pone.0164308.g003){ref-type="fig"}).

We analyzed increasing amounts of total protein of serum from patients and controls to exclude, that there were amounts of the 65 kDa active MMP-2 in the tested samples that were close to or below detection limit. Increasing total protein amounts until 80 μg did not lead to appearance of signals that could indicate presence of active MMP-2 in the tested samples from patients or healthy controls ([Fig 3A and 3C](#pone.0164308.g003){ref-type="fig"}).

Serum samples that had been incubated with APMA were also analyzed in increasing amounts to ensure that that no 65 kDa active MMP-2 became visible when loading higher amounts of serum onto the gels. Again, the separation of a total protein amount of 40 μg made no signals visible, that could be associated to the 65 kDa active MMP-2 ([Fig 3B and 3D](#pone.0164308.g003){ref-type="fig"}).

We also analyzed different incubation times of serum with APMA. Changing the serum\`s incubation time with APMA did not alter the band pattern. A second band at an intermediate height of 67 kDa occurred at all of the different incubation periods chosen for serum MMP-2 activation in either patient serum ([Fig 4A and 4C](#pone.0164308.g004){ref-type="fig"}) or in that from healthy controls ([Fig 4B](#pone.0164308.g004){ref-type="fig"}). We detected no third band at 65 kDa as found in the human full length MMP-2 in any of the tested samples at increased incubation times with APMA ([Fig 4](#pone.0164308.g004){ref-type="fig"}).

Aneurysmatic aortic tissue contains pro- and active MMP-2 irrespective of aortic valve morphology {#sec017}
-------------------------------------------------------------------------------------------------

We analyzed protein extracts taken from ascending aortic tissue from 24 patients with ascending aortic / aortic root aneurysms. Human full length MMP-2 and human full length MMP-2 activated with APMA were also analyzed in each gel ([Fig 5A](#pone.0164308.g005){ref-type="fig"}, lane 1 and 2). All tissue protein extracts taken from ascending aortic aneurysms contained considerable amounts of the 72kDa pro-MMP-2. We also noted considerable amounts of active 65 kDa MMP-2 in all tissue extracts from patients with ascending aortic aneurysms tested ([Fig 5A and 5B](#pone.0164308.g005){ref-type="fig"}). Pro- and active MMP-2 were measurable in protein extracts from patients with ascending aortic aneurysms with bicuspid aortic valves and in patients with ascending aortic aneurysms and tricuspid aortic valves ([Fig 5B](#pone.0164308.g005){ref-type="fig"}, [S1 Fig](#pone.0164308.s001){ref-type="supplementary-material"}). After incubating the aortic tissue extracts with APMA, we observed a different fragmentation pattern for tissue MMP-2 compared to serum MMP-2 ([Fig 5C](#pone.0164308.g005){ref-type="fig"} and [Fig 4](#pone.0164308.g004){ref-type="fig"}). Incubation of protein extracts taken from aortic tissue with APMA for 2 hours or for 24 hours resulted in fragmentation of the contained MMP-2 into three fragments similar to the human full length MMP-2 used as positive control ([Fig 5C](#pone.0164308.g005){ref-type="fig"}). Dilution of the protein extracts activated with APMA did not lead to disappearance of the signals for the active 65 kDa MMP-2 ([Fig 5C](#pone.0164308.g005){ref-type="fig"}).

There is no significant correlation between MMP-2 isoforms in aortic tissue and aortic diameter {#sec018}
-----------------------------------------------------------------------------------------------

As the mechanical properties of the aortic wall were described to change with increasing aortic diameter \[[@pone.0164308.ref020]\], we decided to make correlation analyses for different MMP-2 isoforms to aortic diameter to find out whether there is a relationship between the changing mechanical properties of the aortic wall and a certain MMP-2 isoform. Values for pro-MMP-2, active MMP-2 and total MMP-2 in aortic tissue were analyzed by semiquantitative gelatin zymography. The values for tissue MMP-2 isoforms were normally distributed as calculated by Shapiro Wilk test. The values for aortic diameters were not normally distributed and therefore, spearman correlation coefficients were calculated to analyze relationships between values for tissue pro-MMP-2, tissue active MMP-2 and tissue total MMP-2 and aortic diameter. Total tissue MMP-2 was calculated by summarizing the values for tissue pro-MMP-2 and tissue active MMP-2. Our analyses revealed no significant correlation between total tissue MMP-2 and aortic diameter or between tissue pro-MMP-2 and aortic diameter (r~S~ = -0.22; P = 0.29 and r~S~ = 0.27; P = 0.2). The data distribution of pro-MMP-2 and total MMP-2 looks very similar. The correlation coefficients show, that there is a very weak negative relationship between tissue pro-MMP-2 and tissue total MMP-2 and aortic diameter without statistical significance. ([Fig 6A and 6B](#pone.0164308.g006){ref-type="fig"}). Furthermore, we identified no significant correlation between active MMP-2 and aortic diameter (r~S~ = 0.29; P = 0.17; [Fig 6C](#pone.0164308.g006){ref-type="fig"}). The Spearman correlation coefficient for active MMP-2 attained levels for indicating a very weak negative correlation either. But there was no statistical significance.

![Correlation between tissue total-MMP-2, tissue pro-MMP-2 and tissue active- MMP-2 and ascending aortic diameter.\
Different MMP-2 isoforms were correlated to ascending aortic diameter to test, whether a certain MMP-2 isoform can represent changing mechanical properties in the expanding aortic wall. r~S~ = Spearman correlation coefficient; AU: Arbitrary units. **A.** Spearman correlation analysis of ascending aortic diameter and tissue total MMP-2 showed that there\`s no significant relationship between both these parameters. Correlation coefficient reaches levels for a very weak negative correlation. (r~S~ = - -0.22; P = 0.29). **B.** Spearman correlation analysis of ascending aortic diameter and tissue pro-MMP-2 revealed no significant relationship between those two parameters. Correlation coefficient reaches levels for a very weak correlation. (r~S~ = -0.27; P = 0.2). **C.** Spearman correlation analysis of ascending aortic diameter and 65kDa active MMP-2 revealed no significant relationship between these two parameters. Correlation coefficient also reaches levels for a very weak correlation and is slightly higher as for tissue total MMP-2 and tissue pro-MMP-2 but without statistical significance. (r~S~ = -0.29; P = 0.17).](pone.0164308.g006){#pone.0164308.g006}

There\`s no correlation between tissue and serum MMP-2 {#sec019}
------------------------------------------------------

Serum MMP-2 levels could be associated to ascending aortic aneurysms in a previous study \[[@pone.0164308.ref024]\] and we found, that serum MMP-2 levels for patients with ascending aortic aneurysms significantly lower than serum levels in healthy controls (190.3 +/- 48.3 ng/ml vs 240.3 +/- 46.4 ng/ml). To connect serum MMP-2 to tissue MMP-2 and to analyze whether serum MMP-2 can be related to a tissue MMP-2 isoform, we conducted correlation analyses for tissue pro-MMP-2, tissue total MMP-2 and tissue active MMP-2. Serum MMP-2 levels and levels of tissue MMP-2 isoforms were normally distributed (Shapiro Wilk test). Therefore, we analyzed serum MMP-2 and tissue MMP-2 isoforms by pearson\`s correlation analysis for a linear relationship between serum and tissue MMP-2. To detect any indication, that tissue--MMP-2 and serum---MMP-2 might be interrelated, we also correlated tissue MMP-2 isoforms to serum MMP-2. There was no correlation between serum and total tissue MMP-2 (r~P~ = 0.15; P = 0.5) ([Fig 7A](#pone.0164308.g007){ref-type="fig"}). The correlation coefficient indicated a very low correlation but without statistical significance. Since pro-MMP-2 was the only MMP-2 isoform detectable in serum, we also measured pro-MMP-2 alone and correlated tissue pro-MMP-2 to serum MMP-2 finding no correlation (r~P~ = - 0.04; P = 0.9) ([Fig 7B](#pone.0164308.g007){ref-type="fig"}). Correlation analysis of serum MMP-2 and tissue active MMP-2 revealed no significant linear relationship between these two parameters either (r~P~ = - 0.06; P = 0.8: [Fig 7C](#pone.0164308.g007){ref-type="fig"}). The correlation coefficients for pro-MMP-2 and active MMP-2 and aortic diameter were close to zero indicating not even a weak linear relationship.

![Correlation between serum MMP-2 and different tissue MMP-2 isoforms Pearson\`s correlation analyses between serum MMP-2 and different tissue MMP-2 isoforms were performed to test for any a measurable linear connection between tissue and serum MMP-2.\
r~P~ = Pearson correlation coefficient; AU: arbitrary units. **A.** Pearson correlation analysis revealed no significant linear relationship between serum MMP-2 and total tissue MMP-2 (r~P~ = - 0.15; P = 0.5). Correlation coefficient is greater than for tissue pro-MMP-2 and tissue active MMP-2 but without a statistical significance. **B.** Pearson correlation demonstrated no significant linear relationship between serum MMP-2 and tissue pro-MMP-2 (r~P~ = - 0.04; P = 0.9). Correlation coefficient is close to zero. **C.** Pearson correlation analysis showed no significant linear relationship between serum MMP-2 and tissue active MMP-2 (r~P~ = - 0.06; P = 0.8). Correlation coefficient is almost zero.](pone.0164308.g007){#pone.0164308.g007}

Discussion {#sec020}
==========

Aneurysm progression is a very dynamic and complex anomaly and numerous factors are known to be involved in this process \[[@pone.0164308.ref025]\] \[[@pone.0164308.ref026]\] \[[@pone.0164308.ref027]\]. These are genetic factors linked to TGF β aortic valve configuration and altered haemodynamics. \[[@pone.0164308.ref028]\] \[[@pone.0164308.ref029]\] \[[@pone.0164308.ref030]\] \[[@pone.0164308.ref027]\]. In addition, processes known to be associated to aneurysm formation like elastin degradation also occur under physiological conditions \[[@pone.0164308.ref031]\].

Our finding, that patient sera contained slightly lower MMP-2 amounts than control sera is in line with that complexity Our results differ from previous findings, where MMP-2 plasma levels were elevated in association with ascending aortic aneurysms \[[@pone.0164308.ref024]\]. In another study, plasma levels of MMP-2 were found to be lower in patients with ascending aortic aneurysms. \[[@pone.0164308.ref032]\]. These discrepancies may be due to different group sizes. But they also reflect the heterogeneity of the data available on MMP-2 and highlight the need to analyze a potential biomarker like MMP-2 in greater detail.

MMP-2 was associated to ascending aortic aneurysms in both aortic tissue and serum \[[@pone.0164308.ref032]\] \[[@pone.0164308.ref024]\] \[[@pone.0164308.ref033]\].\[[@pone.0164308.ref034]\] Until now, no one had tried to investigate serum and tissue isoforms of MMP-2 simultaenously to test whether isoforms in these sample types are interconnected.

Pro-MMP-2 was the only MMP-2 species we could identify in patient or control serum via gelatin zymography. The presence of exclusively pro-MMP-2 in control serum is in is well in line with findings in the literature \[[@pone.0164308.ref035]\].

Our controls revealed no evidence, that active MMP-2 in patient serum is present but below the detection limit. Of course, it is possible that there may have been very faint signals of active MMP-2 in patient serum, that were not detectable under our experimental conditions. However, we detected no correlation between tissue and serum MMP-2, irrespective of the isoform tested.

We could not generate the active 65 kDa MMP-2 form by APMA activation of pro-MMP-2 in patient or control serum. In contrast, human full length MMP-2 isolated from rheumatoid synovial fibroblasts (Abcam technical service, personal communication) as well as aortic tissue MMP-2 was clearly split into three forms containing the initial pro-MMP-2 (72 kDa), the intermediate form (67 kDa) and MMP-2 (65 kDa). Controls yielded no hint that 65 kDa MMP-2 was present in serum after APMA activation but below the detection limit or that serum MMP-2 activation takes longer than 2 hours. These differences can point to MMP-2/TIMP interactions in serum, as these were shown to influence the formation or stability of different MMP-2 isoforms \[[@pone.0164308.ref036]\]. Therefore further investigation is required to discover whether there are different MMP-2/TIMP interactions in the serum of patients with ascending aortic aneurysms versus healthy controls.

The fact, that pro-MMP-2 was present in all our control sera and in serum from healthy controls in other studies \[[@pone.0164308.ref024]\] \[[@pone.0164308.ref032]\] also illustrates, that serum MMP-2 has origins apart from aortic aneurysms.

Animal models analyzing aneurysm progression \[[@pone.0164308.ref004]\] \[[@pone.0164308.ref037]\] reported that MMP-2 plays an important role in pathological ECM remodeling in aneurysmatic aortic tissue. We subjected aortic tissue MMP-2 to semiquantitative gelatin zymographic analysis to discover any indication that different MMP-2 isoforms can be associated to changing mechanical properties in the aortic wall and whether there is a linear relationship between tissue and serum MMP-2 isoforms. There is evidence of a linear relationship between pixel density measured on zymograms and MMP-2 enzyme amount \[[@pone.0164308.ref038]\]. We reproduced this linear relationship for our experimental system showing, that this approach is suitable for measuring MMP-2 isoforms. Analysis of several dilution series of protein extracts also confirmed reproducibility of the assay.

We observed, that pro-MMP-2 (72 kDa) and active MMP-2 (65 kDa) were detectable in all of our tissue samples taken from patients with ascending aortic aneurysms--irrespective of aortic valve configuration or other clinical parameters. The observation, that active MMP-2 cannot be measured in patient serum but is present in aortic tissue indicates, that proteins present in aneurysmatic tissue are not necessarily released into systemic circulation in detectable amounts or in a stable form. We detected pro and active MMP-2 in protein extracts from patients with bicuspid and tricuspid aortic valves but the levels of different MMP-2 isoforms have to be analyzed in a larger patient cohort as a t-test applied to compare levels of MMP-2 isoforms between patients with bicuspid and tricuspid aortic valves had a low power and the results were not interpretable.

As mechanical stress in the aortic wall increases with aortic diameter and pro-MMP-2 was shown to be released from cultivated VSMC\`s in response to mechanical stretch, (regarded as one form of mechanical stress) \[[@pone.0164308.ref020]\] \[[@pone.0164308.ref017]\] and high wall shear stress was shown to stimulate pro- and active MMP-2 \[[@pone.0164308.ref019]\], we aimed to discover whether aortic tissue -MMP-2 isoforms can be related to aortic diameter.

We could, however, identify no significant correlation between aortic diameter and pro-MMP-2, active MMP-2 or total MMP-2, showing, that diameter-related mechanical stress cannot directly be linked to a specific MMP-2 isoform in aortic tissue.

We detected no linear correlation between serum MMP-2 and aortic tissue MMP-2, nor between total tissue MMP-2 / serum MMP-2, nor between tissue pro-MMP-2 /serum MMP-2, nor between tissue active MMP-2 and serum MMP-2. These findings indicate, that the lack of a correlation between serum and tissue MMP-2 is not due to measuring of different MMP-2 isoforms in both sample types.

We detected no sign that serum and tissue MMP-2 are interconnected or that an increased aortic diameter with increased wall stress is linked to a greater pro-MMP-2 or a greater active-MMP-2 availability in the analyzed tissue samples. Taken together, this indicates, that MMP-2 alone is an unsuitable marker for a common measurement of high wall stress in ascending aortic aneurysms. Both VSMC\`s and endothelial cells (EC\`s) have been shown to release MMP-2 \[[@pone.0164308.ref039]\] \[[@pone.0164308.ref017]\] and both cell types detect different types of mechanical forces. Whereas EC\`s are mainly exposed to shear stress, VSMC\`s tend to be subjected to stretch. These two factors are indistinguishable in aortic tissue which is why the effect of mechanical forces on matrix degrading enzymes like MMP-2 should undergo further analyzis in cell cultures. Especially the fact, that pro-MMP-2 / aortic diameter and active MMP-2 /aortic diameter showed weak negative correlation coefficients without statistical significance indicates, that the relationship between mechanical forces and a possible release and activation of matrix degrading enzymes like MMP-2 needs a more detailed analysis under controlled experimental conditions.

We also need to elucidate whether pro- or active MMP-2 levels in the aortic wall or in serum can be related to individual blood flow patterns and aortic geometry, as these factors may trigger individual forms of wall stress that cannot be assessed by measuring aortic diameter alone. This study is limited by its rather small patient groups, subgroups of patients with ascending aortic aneurysms, especially patients with bicuspid and tricuspid aortic valves should be investigated in a larger study to evaluate the potential of MMP-2 isoforms as indicators of high wall stress or to definitely rule out the suitability of MMP-2 as such a marker.

Supporting Information {#sec021}
======================

###### Zymograms of all protein extracts taken from ascending aortic tissue tested in this study.

24 protein extracts gained from ascending aortic tissue from patients with ascending aortic/aortic root aneurysms were analyzed by gelatin zymography. Human full length MMP-2 (ab168864, Abcam) was analyzed as a control. In Addition, human full length MMP-2 was activated by incubation with APMA for 2 hours at 37°C. 1: Human full length MMP-2 as delivered. Human full length MMP-2 showed signals at about 70 kDa where pro-MMP-2 would be expected. A minor band that corresponded to intermediate MMP-2 was also detected. 2: Human full length MMP-2 incubated with APMA for 2 hours at 37°C. Activation of human full length MMP-2 led to fragmentation of pro-MMP-2 into an additional intermediate form and active MMP-2 at about 65 kDa. P1---P24. protein extracts from patient 1--24; asterisk indicates samples from patients with bicuspid aortic valves.

(PPTX)

###### 

Click here for additional data file.

###### Westernblot confirmed existence of pro-MMP-2 in protein extracts gained from ascending aortic tissue.

Westernblots were performed with protein extracts gained from the same aortic tissue samples as in the zymograms. The blots show a distinct signal at about 70 kDa for the human full length MMP-2 which was also present in each protein extract analyzed. 1: MMP-2 standard (human full length MMP-2). P1---P24: protein extracts from aortic tissue from patient 1--24.

(PPTX)

###### 

Click here for additional data file.

###### Zymograms of all patient and control sera analyzed in this study.

All serum samples tested in this study showed a signal at the same height as the main signal in the human full length MMP-2. A weak signal for the intermediate MMP-2 isoform was also seen in the human full length MMP-2 as delivered. 1: Human full length MMP-2 as delivered. Human full length MMP-2 showed a strong signal at about 70 kDa where pro-MMP-2 is expected. A minor band at an intermediate height of approximately 67 kDa was also present in the human full length. MMP-2 without additional activation. 2: Human full length MMP-2 incubated with APMA for 2 hours at 37°C. The incubation led to fragmentation of the human full length MMP-2 into three signals at about 70kDa, 67kDa and 65kDa. 3: Serum incubated with 2 mM APMA for 2 hours at 37°C. APMA incubation of serum led to fragmentation of the contained MMP-2 into pro- and intermediate MMP-2 only. **A:** Zymograms showing gelatinolytic activities in serum from patients with ascending aortic aneurysms. P1---P24. serum from patient 1--24. Serum samples from the same patients as analyzed for the tissue showed a signal corresponding to pro-MMP-2 only. **B:** Zymograms showing gelatinolytic activities in serum from healthy controls. C1-C19: Serum from control 1--19.

(PPTX)

###### 

Click here for additional data file.

###### Relationship between MMP-2 amount loaded on zymograms and pixel density.

Different amounts of human full length MMP-2 were loaded onto the zymogram gels and analyzed as described. The values represent total pixel densities measured in different zymograms. Each amount was analyzed twice in the same gel.

(PPTX)

###### 

Click here for additional data file.

###### Relationship between dilution factor and pixel density.

Protein extracts from ascending aortic tissue were diluted as indicated. Average pixel densitiy represents the mean of one sample run twice at in the same gel. StDev: Standard Deviation.

(PPTX)

###### 

Click here for additional data file.

###### Serum MMP-2 levels in patients and controls.

Serum MMP-2 was measured by Enzyme-linked Immunosorbent Assay.

(PPTX)

###### 

Click here for additional data file.

###### Pixel densities measured in protein extracts from aortic tissue from patients with ascending aortic aneurysms.

A: Experiment 1; B. Experiment 2; C: Experiment 3.

(PPTX)

###### 

Click here for additional data file.

###### MMP-2 pixel densities used for calculation of average pixel density of pro-MMP-2, active MMP-2 and total MMP-2.

Each standard value represents 0.33 ng human full length MMP-2.

(PPTX)

###### 

Click here for additional data file.

###### MMP-2 values and ascending aortic diameter used for correlation analyses.

MMP-2 values from zymograms were calculated as described in Material and methods.

(PPTX)

###### 

Click here for additional data file.
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